C an you name the five most significant evolutionary changes that made beetles the most successful and diversified of all insects? Hint: check Fig. 1 for the five modifications marked on the evolutionary tree of insect orders.
The first change, of course, is the evolution of wings (node 1 in Fig. 1 ) that created the paleopterous orders, represented in the modern fauna by Ephemeroptera and Odonata, and the second (node 2) was the ability of Neoptera to fold those wings over the back, preventing them from being damaged when evading predators. The majority of Coleoptera have taken this process one step farther: they can fold their wings in half (node 5) and hide them under the protective elytra, but are still able to deploy them rapidly for efficient flight. The midwing folds are so marvellously constructed that even the largest and heaviest of beetles, the goliath beetle, can still fly.
You will probably have no difficulty identifying node 4 ( Fig. 1) as the acquisition of complete metamorphosis that gave the Endopterygota the ability to specialize in different habitats as larvae and as adults, with the changeover accomplished in the pupal stage. But what about node 3 (Planoneoptera) that made the Fig. 1 . The most strongly supported clades of the insect orders show dramatic changes in the number of species (estimates based on Gullan and Cranston 2005) , suggesting that the changes at the numbered nodes represent major improvements in fitness. Odonata and Ephemeroptera (together known as Palaeoptera) are 3 times as speciose as the more primitive, wingless orders; orthopteroid orders (Pliconeoptera) together are 4 times as speciose as Palaeoptera; hemipteroid orders (here named Clavoptera) are 4 times as speciose as Pliconeoptera; neuropteroid orders (except Coleoptera) are 6 times as speciose as Clavoptera, and Coleoptera alone are almost as speciose as all the other neuropteroid orders put together, and some taxonomists claim that there are more than 10 times as many beetles as other neuropteroids. For morphological and anatomical changes at the numbered nodes, see text. Photograph by Nicholas Aflitto. Acercaria ("hemipteroid orders") almost as diverse and speciose as their sister taxa, the larger orders of Endopterygota? Don't feel ashamed if you have no idea what specialization that could be; I have not found it mentioned in Insect Phylogeny (Hennig 1969 ) nor, as far as I can judge, as a synapomorphy in any textbook published since then. But if you know the work of Weber (1928 Weber ( , 1933 or turn to page 166 of the 1935 Snodgrass textbook of insect morphology, you will find that the furcasternum ( Fig. 2A ) transformed the thorax of the "higher orders" into a rigid structure capable of providing the elasticity and resilience needed for efficient flight, and in many of the insects, such as spittlebugs ( Fig. 2D) , it also braces the thorax against the stupendous forces involved in leaping abilities that far exceed those of Orthoptera and Siphonaptera (Burrows 2006) . A few pages farther on in the Snodgrass text (p. 171) you will also find drawings of the thorax in cicadas and flies showing how similar the venter of the thorax is in these widely divergent insects.
A furcasternum can do much more for insects than simply providing rigidity for flight and leaping. In jumping plantlice (Hemiptera: Psylloidea), the furcasternum is grossly enlarged to provide attachment for the powerful muscles ( Fig. 2E ) that enhances the ability of these insects to leap.
Of wider significance is the way that the invagination of the thoracic sternum, that is involved in producing the furcasternum, has also brought the coxae from a lateral position (as in grasshoppers and stoneflies) to a ventral position ( Fig. 2D ), making these insects much more agile in running. Even though cockroaches, with their greatly enlarged ventral coxae, are among the most agile of lower insects, they still retain the lateral articulation of the orthopteroids and, as a result, they can shuffle away quickly but cannot dodge easily.
Of course, such major morphological changes are vitally important to some insects, but not to all. Wings, for example, are of no use to most parasites and are frequently lost, and the same is true of furcasterna (in crab lice and thrips, for example), while the furcasterna are retained but the coxae are secondarily directed laterally in Zoraptera (Matsuda 1979, Fig. 74 ) in response to living under bark and other tight places. Similarly, a phylogenetic modification like opisthognathy (mouthparts arising from the back of the head), useful to Thysanoptera and Homoptera for feeding on plant sap, may be lost through subsequent modification (e.g., to prognathy in predaceous Heteroptera). Alternatively, a really helpful feature like a pupal stage may evolve independently in a different lineage such as whiteflies ( Fig. 3 ). But with care and attention to morphology, palaeontology, and genetic evidence, such discrepancies can usually be detected; this is the great strength of phylogenetics.
A phylogeny of a very large group of organisms like the insects simply ignores such exceptions and subsumes later modifications into earlier ones, making the wider issues plain. The details are relegated to phylogenetic analyses of individual orders.
Why are morphological features such as wing structure and larval development so well known when an equally important innovation such as the furcasternum remains virtually unknown, even among scientists whose work focuses on evolution and cladistics? Could it be that "morphology" in the usual sense refers to what is readily visible, but "anatomy" that deals with structures not observable except by dissection are less studied and therefore more frequently forgotten, a kind of poor cousin to morphology? This is particularly the case in taxonomic studies, in which it is necessary to examine as many examples as possible before venturing an opinion that a feature is "characteristic" or "synapomorphic" of a taxon. It is easy and quick to check a feature such as wing venation in hundreds of museum specimens, but it takes hours to dissect just a few specimens to see skeletal features, and much, much longer to examine soft internal organs in any detail. Over the course of a lifetime, a taxonomist may see millions of wings, thousands of male genitalia preparations, and perhaps a few dozen examples of internal parts. With luck or good planning, those dissected parts may be informative; but more often, it's quite the reverse. It has usually been found that internal features vary much less than external ones, at least in the comparatively few cases where multiple (Hamilton 1981) , share an invaginated thoracic sternum that produces a Y-shaped internal structure called the furcasternum. A: cross-section of metathorax of Cercopis showing furcasternum (green) surrounded by enlarged jumping muscles (from Müller 1956, after Weber [unspecified publication]); B-C, diagrams from Weber (1928, fig. 35 ) with muscles, here colored for clarity, in Plecoptera (B), and three superfamilies of Hemiptera (C-E) showing how very different muscles power the jumping legs of "Homoptera" and how the furcasternum of jumping plantlice (E) has become enormously enlarged to support these muscles.
dissections have been performed, but some anatomical parts (such as the insertion points of particular muscles) have been shown to be more variable than previously thought (Friedrich and Beutel 2010, e.g. in Fig. 8 ) and may change across segmental boundaries, even in various stadia of a single individual (Weber 1928, Figs. 16, 18) . The daunting intricacies of musculature are difficult to interpret ( Fig. 2B-E ), but there are some surprising, unique structures that more simply illuminate the relationships among insects. One such is the proventriculus of Siphonaptera that, like those of Mecoptera, contains a sieve plate of radially arranged spines (Richards 1965) . This indicates an ordinal relationship that is also supported by their specialized spermatozoa (Kristensen 1981) and has recently been verified by examining giant fossil fleas that are certainly Mecoptera (Huang et al. 2013) .
The insect order Hemiptera presents a complex evolutionary puzzle that illuminates all these problems and possible solutions. The order was named by Linnaeus who, in 1758, of course knew little about the morphology of insects, much less their anatomy, and as a result, he placed earwigs in Coleoptera and dragonflies in Neuroptera. He was, however, correct in placing butterflies and moths in Lepidoptera and quite perspicacious in uniting such very different insects as "true" bugs, cicadas, treehoppers, aphids, and thrips in "Hemiptera" although few of these are actually "half-winged. " Later studies emphasizing differences in external morphology split his order into Hemiptera sensu stricto (or Heteroptera), Homoptera, and Thysanoptera. However, recent work on anatomy, cladistics, and genetics supports the unity of this evolutionary lineage. But scientists continue to debate this thesis, possibly because they either ignore anatomical evidence or doubt its utility because the evidence seems so slim, coming from so few dissected examples. Let us take a closer look at such examples, and perhaps see why anatomy can be as useful in resolving phylogenies as genetics, if not more so.
Morphology suggests that the presence of a jointed feeding rostrum with four internal stylets is the clearest evidence that "true bugs, " cicadas, treehoppers, and aphids belong to the same order (the clade originally called Rhyngota or "beaked") even though this feature is not unique to Hemiptera, being found in Siphonaptera as well. The absence of such a feeding device in thrips suggested to early entomologists that thrips belong to a different order (originally called Physopoda or "bubble feet" in reference to their enlarged pulvillae, but later changed to Thysanoptera). However, anatomical studies of thrips show that they have essentially the same complex head structure as Hemiptera, even down to their uniquely opisthognathous mouthparts enclosed in a basal sheath formed from the labium (Fig. 4) ; only the extension and jointing of the rostrum and the interlocking of the stylets are lacking. The complexity of the similar anatomical features is overshadowed in most textbooks by the single externally visible morphological structure of the rostrum (which is absent in male scale insects). The "Rhynchota" (Hemiptera of modern usage) were subsequently divided into Heteroptera for "true bugs" that are either prognathous or hemipterous ("half-winged") and Homoptera for those that are opisthognathous (Fig. 5) , like thrips, and lack a membranous apical half of the forewing. Homoptera, in turn, were divided into Sternorrhyncha ("breast-beaks") for plant-parasitic forms with long antennae, Auchenorrhyncha ("chin-beaks") for free-living, jumping plant feeders with short antennae, and Coleorrhyncha ("sheath-beaks") or Peloridiidae that are most notable for their foliaceous extensions of the head capsule. Coleorrhyncha jump in the same manner as spittlebugs, but less efficiently (Burrows et al. 2007) . They have been shown to be basal members of the Heteroptera as Prosorrhyncha (Sorensen et al. 1995) by various features such as their four-segmented antennae, but their only unique synapomorphous feature is a triangular mandibular lever (Hamilton 1981) within the head capsule. Presumably, this structure within the basically predaceous heteropterous lineage is shaped for muscle attachment, providing the quick thrust of the stylets needed to impale prey. The affinity of these two groups has been proven by fossil intermediates (Popov and Shcherbakov 1996) . The Heteroptera are therefore derived from an opisthognathous ancestor and are not a separate order as once thought.
Turning to the Sternorrhyncha, again we find that superficial resemblances are deceptive. Aphids (Aphidoidea), scales (Coccoidea), and jumping plantlice do indeed have a rostrum that is held in a sternal groove of the prothorax with only its apical joint capable of being deflected ventrad. They also share many unique anatomical features. Within the head capsule of all three superfamilies, one finds a remarkable cratelike form of the tentorium (Fig. 5b ) that is visible even in the most desclerotized of scale insects. It arches over the hugely enlarged internal sac (crumena) that holds the greatly elongated stylets when they are retracted (Weber 1928, Fig. 5 D; Matsuda 1965, Fig. 64 D-K) . None of these unique features are to be found in whiteflies (Aleyrodoidea), which have always been assigned to the Sternorrhyncha, nor has clear genetic evidence of such an affinity (95-100% bootstrap support) been demonstrated to date. Instead, the only whole-bodied Mesozoic fossil of an adult whitefly (Hamilton 1990) clearly shows the vertical facial ridges, the median ocellus low on the face, and the tegulae that are characteristic of planthoppers (Fulgoroidea), which are always considered to be members of the Auchenorrhyncha! Are Fulgoroidea truly Auchenorrhyncha? Again, external appearances are deceptive. It has long been known that planthoppers have very different hind coxae and antennae than any other members of this suborder (Hansen Fig. 4 . Cross-sections of the head capsule (from Weber 1935) and rostrum of Thysanoptera and Hemiptera redrawn from Emeljanov (1987) reveal unique and complex arrangements of mouthparts that are more modified than those found in any other insect order. Note the very wide mandibular stylets shared by Auchenorrhyncha (other than Fulgoroidea) and Coleorrhyncha. The rotated stylets of Aphidoidea are not unique; they are also found in some Cicadellidae (Emeljanov 1987, plate 6 fig. 5 ) and in Membracidae may be rotated 90° (Branch 1913) . Fig. 5 . The extreme transformation from nymph to adult head structure in Sternorrhyncha can be seen by comparing the heads of nymphal jumping plantlice (a, omitting head cones) and adults of aphids (b). The adult frons that in nymphs (as in thrips) forms a bulbous projection is in adults retracted into the head, displacing the tentorium to form a cratelike structure easily visible even in female scale insects (these otherwise have few hard parts). 5a, nymph of Psylla just before molting to adult (from Weber 1928) , showing the accordioned adult head structure inside the juvenile cuticle; 5b, adult of Longisiphon (from Hamilton 1981). 1890), but anatomical studies show them to be much more divergent than believed . Their male genitalia and nymphal wax production are similar to those of Psylloidea, a basal group of Sternorrhyncha. The mesenteron or "gut" that in Heteroptera (Fig. 10, M) is a simple tube beyond the enlarged mesenteric crop is, in planthoppers (Fig. 11) , wrapped around itself to form a counter-current filter (Schmidt-Nielsen 1981) , whereas in other Auchenorrhyncha, it forms a filter chamber at its anterior end (Fig. 12 ) that is supplemented with greatly elongated Malpighian tubules to remove excess water from the diet of sap. Whiteflies are the only other Hemiptera to have a counter-current filter (Weber 1933 , Fig. 364e ), although this is much smaller and more complex, joining the mesenteron to the hindgut where a pair of short and broad Malpighian tubules emerge (Fig. 13) . The jumping mechanism in these two groups of insects is also entirely different. The jumping muscles of planthoppers attach to huge trumpet-shaped apodemes running through the hind coxae (Ribaut 1936 , Fig. 12 ) that pull the coxae forward. The coxae are firmly attached to the metapleura, which supplies the "spring" force when the muscles are relaxed and the coxae shoot backwards. By contrast, the jumping muscles of all other Auchenorrhyncha are attached to the hind trochanters directly and force the legs beyond the coxae backwards in jumping, but the coxae themselves remain stationary. For this reason, leafhoppers and treehoppers (Membracoidea) that have the muscles located within enlarged metacoxae are inefficient jumpers compared to spittlebugs (Cercopoidea), in which the jumping muscles fill almost the entire metathorax (Figs. 2 A, D) .
Cicadas, which do not jump, are usually thought to be basal to the jumping Auchenorrhyncha (as a distinct subgroup "Stridulantia" or "Cicadoidea" in its original definition, as opposed to "Jassoidea") or allied to the spittlebugs that they superficially resemble. However, the male genitalia of spittlebugs are quite different from those of all other Hemiptera, being of the type found in other Are these unique?
(Anatomical characters boldfaced)
Hemiptera -1. Opisthognathy 2. maxillary lacinia articulated by lever Rhynchota -1. mandible articulated by lever 2. stylets laterally displaced to form separate channels for ingestion and salivation (Emeljanov 2002) Cerifera -1. wax filament production in nymphs 2. filter below mesenteric crop (Weber 1935) Scutellifera -1. pronotum extended back to wing bases defines triangular "scutellum" 2. stylet bundles transverse (Emeljanov 1987) 3. stylets interlocked (Emeljanov 2002) Prosorrhyncha -1. modified wing venation defines "hemelytra" (Popov and Shcherbakov 1996, figs . 3 C-F) 2. mandibular lever triangular (Hamilton 1981) Figs. 6-9. Synapomorphies of Aleyrodoidea and Fulgoroidea diagrammed in color on aleyrodid hind coxae (6) and of whole body (7) and on Cretaceous fossil Megaleurodes, whole body (8) and of head in anterolateral aspect (9) . The bulk of synapomorphies shows that Megaleurodes belongs to Aleyrodoidea rather than to Fulgoroidea, but no family is designated for it, as the wing venation (upon which most fossil families are based) remains unknown. Figs. 6-7 from Weber (1935) , 8-9 from Hamilton (1990) .
Downloaded from https://academic.oup.com/ae/article-abstract/61/2/88/1755089 by guest on 24 September 2019 orders in which the aedeagus arises from a globular or tubular phallobase. In Cicadoidea, there are two forms of male genitalia: those of the relict-group Tettigarctidae from Australia (Moulds 2005, Fig . 42 ) resemble those of leafhoppers (Cicadellidae) and treehoppers (Membracidae), while the more advanced Cicadidae lack genital claspers and have a characteristic aedeagal type similar to those of Myerslopiidae (Hamilton 1999) , the basal group of Membracoidea now confined to New Zealand and Chile. Whichever is the plesiomorphic condition for the Cicadoidea, these insects are clearly linked to Membracoidea rather than to Cercopoidea. This conclusion is supported by whole-bodied Mesozoic cicadas that have hind tarsi characteristic of leafhoppers (Hamilton 1990) and by genetic evidence, with 95% bootstrap support (Dietrich et al. 2001 ). These phylogenetic considerations are supported by genetic analyses and whole-bodied fossil insects (Fig. 14) , although the genetic evidence for some basal connections within Rhynchota are still weakly supported (von Dohlen and Moran 1995, Figs. 7-8) . Still, of the 12 major branches in the ordinal classification, seven are supported by all three criteria, and all but two are supported by more than one criterion. Most solidly confirmed is the hitherto unexplored relationship of Archaeorrhyncha (Fulgoroidea) as a sister lineage of Aleyrodoidae, a relationship not yet supported by genetic analysis (Sorenson et al. 1995) . This relationship is defined by morphological features of both fossils and anatomy: their digestive tract, with its unique counter-current filter, is the most distinctive of these synapomorphies, and the trumpet-shaped apodemes to which the dorsal jumping muscles are attached (Weber 1935 ) are also unique. The latter are quite unlike the jumping muscles of Psylloidea that attach to flat apodemes arising from the furcasternum and insert directly on the trochanter (Fig. 2 E) . The ability of some Hemiptera to produce powerful jumps, therefore, arose at least four times from an unspecialized ancestor (Fig. 2 B) , with unique specializations in Cercopoidea (Fig. 2 D) , Psylloidea (Fig. 2 E) , Membracoidea, Archaeorrhyncha, and possibly in Coleorrhyncha as well.
Another significant but hitherto unrecognized relationship is that of the sister taxa Auchenorrhyncha (shorn of the unrelated Fulgoroidea) and the Prosorrhyncha. This relationship is most obviously supported by the "scutellum, " a triangular part of the mesonotum that is exposed between the enlarged pronotum and the folded wings (hidden when the pronotum is unusually large in Membracidae and Scutelleridae). This relationship is also indicated by the stylets of the mouthparts that intricately interlock along sliding grooves and together form a transverse bundle (Fig. 4, lower row) . This monophyly of Auchenorrhyncha (sensu stricto) together with Prosorrhyncha is here named Scutellifera.
The weakest part of the phylogeny is the position of . This revised classification is supported by whole-bodied fossils found in the last 50 years, with those closest to common ancestors numbered: from the Permian, Lophioneuridae (1), Archiscytinidae (2), Prosbolidae (3) and Progonocimicidae (4); from the Triassic, Pincombeidae (5); from the Cretaceous, Megaleurodes (6), Ligavena (7), Architettix (8) and Jascopidae (9). New primary clades of suborder Rhynchota are named Scutellifera for those bugs with a "scutellum" (triangular portion of mesonotum exposed between enlarged pronotum and folded tegmina) and Cerifera for those superfamilies with wax-producing nymphs. For other unique synapomorphies, see "Are These Unique?" page 92. Downloaded from https://academic.oup.com/ae/article-abstract/61/2/88/1755089 by guest on 24 September 2019
Archaeorrhyncha (including Aleyrodoidea) as a sister lineage of Sternorrhyncha, a monophyly here termed the Cerifera. Evidence for this relationship depends solely upon two morphological synapomorphies: (1) wax production in immatures, absent in some families such as Delphacidae; and (2) externalized male genitalia (as in most insects, but unlike those of other Acercaria). To these we may add the unique anatomical feature of the enteric filter apparatus being situated in a distinctly odd position at the lower gut below the mesenteric crop. These are the kind of revelations one finds by delving into the anatomy of insects (see sidebar on page 92). Much additional research will be needed to confirm whether such reports are indeed unique phylogenetic events, but in the process, more such examples will undoubtedly be found.
